This study was conducted to assess causes of unprecedented rates of mortality in maturing, commercial-sized red pine (Pinus resinosa Ait.) plantations in southern Ontario, Canada. Concentrated and diffuse mortality as well as windthrow of living trees were observed in many plantations, while others seemed disease-free. Nine sites exhibiting recent mortality (diseased) plus three not exhibiting disease (healthy) were selected. In sample plots at each site, abiotic site factors, host characteristics, and insect pests and fungal pathogens were assessed. Tree mortality was attributed to Armillaria root disease, annosus root rot, black pineleaf scale, drought, and iron deficiency. The single abiotic factor that distinguished healthy sites from diseased sites was C soil horizon pH, which averaged 8.35 on diseased sites compared to 6.55 on healthy sites. Rooting was also deeper on healthy sites than on diseased sites. We suggest that an alkaline C horizon may result in shallower rooting and greater susceptibility to drought stress, rendering trees less resistant to root disease pathogens and insect pests. The pH of the C horizon and the depth of the A and B horizons may be useful as indicators of the likelihood of red pine mortality and to guide the choice of management objectives for plantations.
Introduction
Red pine (Pinus resinosa Ait.) is a shade-intolerant conifer that is among the most extensively planted species in eastern Canada and the northern United States (Rudolf 1990 ). Red pine is valued because of its ability to grow on sites too poor for agriculture, the many uses for its timber (e.g., as sawlogs, utility poles, and preservative-treated landscape timbers), its suitability for plantation silviculture, economic returns to landowners through thinnings over the rotation period, and its relatively greater resistance to pests (Hosie 1979 , OMNR 1999 . Red pine plantations are even-aged and evenly spaced, with co-dominant crown structure. In addition, because of red pine's relatively low genetic diversity (Mosseler et al. 1992 ), significant differences in individual tree size within a stand result mostly from differences in how the seedlings were planted, or microsite (e.g., soil characteristics), or subsequent mechanical damage, or animal browsing. Trees that are negatively affected at any stage of growth may fall behind their cohorts in growth rate and crown position, and thus decline in fitness. Ultimately, such trees may be more susceptible to disease and insect attack (Schoeneweiss 1975) .
In some parts of southern and central Ontario, Canada, unprecedented rates of mortality in maturing, commercialsized red pine are challenging forest managers who attempt to adhere to traditional management strategies and silvicultural practices. Landowners are losing decades of investment in thinning and tending through sudden mortality. In addition to the financial impacts of timber losses wood supply is also affected and broader forest management objectives (e.g., stand conversion to a mixed forest as the red pine stand is gradually opened by thinnings, and recreational values) can be adversely affected (B. Hutchison, Simcoe County Forest Technician, personal communication).
The mortality has been observed in several forms: renewed and rapid expansion of old mortality centres (McLaughlin 2001a) , appearance of new pockets of tree mortality (often immediately after a thinning), single-tree mortality, and windthrow of living trees with advanced root decay. Preliminary and anecdotal reports have associated the mortality in southern Ontario, New York State and elsewhere with a variety of biotic and abiotic factors such as drought (OMNR and NRCan 2007) , poor soil drainage (Stone et al. 1954) , nutrient deficiency (Stone 1953, Ellis and Whitney 1975) , fungal root pathogens (Whitney 1988; McLaughlin 2001a, b) , and insect pests (Czerwinski et al. 1998) .
The primary aim of this study was to identify biotic and abiotic factors associated with decline and mortality of red pine plantations in southern Ontario, and in particular to identify any underlying tree or site characteristics that could help to explain the presence or absence of disease and mortality on all study sites, regardless of the biotic or abiotic factors or agents that were most evident. Further aims were to devise a risk assessment method to help resource managers identify sites and plantations vulnerable to excessive mortality and to recommend management options to mitigate mortality losses.
Methods
Comparisons between healthy and diseased conditions were made at three levels: between sites with healthy trees and those with mortality; between plots located in healthy or diseased parts of stands with diseased trees; and between healthy and diseased/dead trees within plots with diseased trees.
Selecting study sites
Twelve study sites representing red pine plantations between 28 and 77 years old across southern Ontario were selected for detailed study (Fig. 1, Table 1 ). At nine of the sites spreading mortality pockets were evident in the red pine (diseased sites), and at three sites the trees were apparently healthy with no mortality pockets (healthy sites). All but one site, the Gurd Tree Improvement Area, were located south of the Pre-Cambrian Shield. All sites had been thinned at least once. Candidate sites were visited prior to selection and putative causal factors were identified whenever possible. Final site selection was based on maximizing geographic and putative causal variation, with a focus on sites with root disease, which are common in southern Ontario (Whitney 1988; McLaughlin 2001a, b) . The field studies were conducted in 2004.
Selecting sample plots
At the nine diseased sites, two 400-m 2 circular plots were established in each plantation. One plot was established where it would include at least one recently dead or dying tree (mortality plot), and the second plot was located where trees appeared healthy (asymptomatic plot), without any mortality nearby. At each of the three healthy sites, a 400-m 2 circular plot was located to include trees that represented the overall health of the plantation. In total, 18 plots were established at nine disease sites and three plots were established at three healthy sites. Following analysis of data from these plots, the pH of the C soil horizon was sampled on 16 additional sites, nine where trees appeared to be healthy and seven that exhibited disease.
Identifying causal factors
In summer 2004 each sample plot was examined for symptoms and signs of abiotic and biotic factors that have been reported as causing red pine mortality, including moisture deficit, nutrient deficiency, root disease, and insect pests. Where root disease was suspected, the root collar area of dying or dead trees was examined for the presence of fruiting a Plots where trenches were dug and intensive soil and rooting sampling was conducted b additional sites selected for C horizon pH sampling c Great Group (GBP = Grey-Brown Podzolic; P = Podzolic; BF = Brown Forest) and Series according to the Canadian System of Soil Classification (Agriculture Canada Expert Committee on Soil Survey 1987) d soil texture -sL = sandy loam, L = loam, S = sand, lS = loamy sand, fS = fine sand, grav/L = gravely loam, grav/sL = gravely sandy loam e A = asymptomatic; M = mortality observed bodies of Heterobasidion annosum (Fr.) Bref., the cause of annosus root rot, and the rhizomorphs or mycelial fans associated with Armillaria root disease. Infected root material was collected to isolate and identify the fungal pathogens. Armillaria isolates were identified to species using the protocol developed by McLaughlin and Hsiang (2010) , and H. annosum infection was confirmed by observing the asexual stage, Spiniger meineckellus (Olson) Stalpers, on host tissue incubated in a moist chamber based on the method of Worrall and Harrington (1992) . Bark beetles and scale insects occurring on trees in the plots were collected for later identification.
Assessing tree characteristics
Data were collected to test the hypothesis that the trees that died were the smaller, less vigorous ones. Tree diameter (DBH) and height were measured on all trees in each plot, except at the Grey-Sauble site where height was measured on 10 and 16 randomly selected trees in the asymptomatic and mortality plots, respectively. In addition, growth ring measurements and analyses were conducted on cross-sectional discs cut at breast height (1.3 m) from two to four living and dead trees from the plot centre, and on radial cores extracted by increment borer at breast height on the north, southeast, and southwest sides of several trees in each plot. At the Baxter 249b plantation additional cookies were cut from recently dead trees from outside the mortality plot. This site was selected for more intensive study because mortality was distributed throughout much of the plantation. Tree discs and increment cores were sealed in plastic bags to prevent drying and shrinkage, and stored frozen until processed. The surface of one side of each cookie was sanded smooth and then scanned for analysis with the WinDendro Image Analysis System (Regent Instruments Inc., Sainte-Foy, Québec). The growth ring widths were measured and recorded along four radial axes. Annual growth rings on increment cores were also measured with a tree ring increment measuring (TRIM) system (MacIvor et al. 1985) . For both disc and increment core samples mean annual growth ring widths were calculated and converted to basal area increment (BAI) using the formula: BAI t = Π (r t 2 -r t-1 2 ), where r = tree radius and t = year of ring formation (Duchesne et al. 2003) .
The BAI of healthy trees or trees in asymptomatic plots (depending on the comparison being made) was standardized for comparing with dead trees or trees in mortality plots from different sites. Standardization is commonly used in dendrochronology studies to remove unwanted variation in growth ring size attributable to differences in tree age and species. It is achieved by transforming non-stationary ring widths into a new series of stationary, relative values with a defined mean of 1.0 and homogenous variance, producing a smooth growth trend line (expected growth) against which the growth of the tree(s) of interest (actual growth) can be compared (Cook et al. 1989 , Duchesne et al. 2003 . The annual mean ring width of living trees was the expected growth to which the actual growth of the trees that had died was compared.
Sampling soil, tree roots, and mycorrhizae Soil sampling and tree root measurements followed a protocol derived from Brown and Lacate (1961) . First, a trench 2 m deep, about 2 m wide and up to 20 m long (Fig. 2) was dug beside two to four trees in the centre of each plot. Then a 25 × 25 cm grid was laid out on the trench face below the stumps using weighted strings suspended 25 cm apart down the trench face. Horizontal grid lines were marked on the trench face at 25-cm intervals. Next, the depth of A, B and C soil horizons were measured in each vertical grid column. Then tree roots were mapped over the trench face by recording their presence or absence in each grid squares. Finally, soil samples were collected from each soil horizon below each tree.
Soil texture, pH, and bulk density Soil samples (up to 500 ml) were collected at each horizon, at three points under each tree -directly under the tree, and at 1 m on each side-for texture and pH analyses. Bulk density samples were collected with a 100-ml cylinder pressed into the trench wall. When samples for adjacent trees overlapped, a single sample was used for both trees.
Soil texture (i.e., particle size) was measured by the Bouyoucos Hydrometer method (Bouyoucos 1962) according to the standard operating procedures of the Ontario Forest Research Institute's laboratory services (OFRILS) in Sault Ste. Marie, Ontario. Soil pH was determined by two methods. The pH of soil samples from principal study sites sampled from trench walls was determined by the 1:2 soil:water ratio method (standard operating procedure by OFRILS). Samples from additional sites were processed using the saturated paste method (standard operating procedure of the Soil and Nutrient Laboratory Lab Services (UGLS), University of Guelph, Guelph, Ontario). Soil bulk density was determined using the method by Kalra and Maynard (1991) .
Soil nutrients
Soil samples for nutrient analysis were collected in each horizon, at three locations under the trees beside the trench, as described above. The samples were stored in coolers during the day of collection and then shipped on ice to OFRILS, where they were held at 4°C.
Mycorrhizal colonization
For mycorrhizal sampling at healthy and diseased sites, plots were divided into four quadrants and one living tree was selected from each quadrant. Four blocks of soil measuring approximately 20 × 20 × 20 cm were dug out of the surface soil layer 1 m in each cardinal direction from the base of the tree. The soil blocks were taken to the lab where they were soaked in water overnight and the roots carefully separated from soil and other debris. For each sample, up to 120 cm of roots less than 1 mm in diameter were assessed (Richter and Bruhn 1993) . The roots were then viewed under a dissecting microscope and the number of mycorrhizal tips per cm of fine root recorded.
Sampling foliar nutrient content
Red pine foliage was collected at seven sites (Baxter 243b-N, Baxter 243b-S, Phelpston 162e, Baxter 249b, Phelpston 165b, Grey-Sauble 89/11, and Ganaraska 7b) in early November, 2005 to test the hypothesis that the trees that died were nutrient-deficient. Current-year needles were sampled from the upper third of the crown (Lavender 1970) of trees judged to exhibit typical health for the plot. Five trees per plot were sampled, with samples taken from two or three locations around the crown and combined as bulk samples at the tree level. The trees were too tall to be sampled from the ground with pruning poles, and therefore twelve-gauge, full-choke shotguns were used to shoot branches off the trees from the ground.
The samples were placed in plastic bags in coolers on ice and delivered to UGLS for analysis. The foliage was analysed for macro-(N, P, K) and micro-nutrients (Fe, Mn, Mg, Ca, Zn, B, Cu) according to standard operating protocols of UGLS. The resulting nutrient levels were compared with those reported in the literature as critical for healthy red pine growth (e.g., Stone 1953 , Mader 1971 , Swan 1972 , Morrison 1974 , Ballard 1986 , Bockheim et al. 1989 , Carter 1992 , Brockley 2001 , Moore et al. 2004 .
Statistical analysis
Data were tested for normality with the Shapiro-Wilk Test and when normally distributed (tree height and diameter) were subjected to analysis of variance (ANOVA) using PROC GLM and t-tests with PROC LSMEANS (SAS Institute, Cary, NC). Data that was not normally distributed (root and soil depth) was analysed with PROC NPAR1WAY WILCOXON (Kruskal-Wallis one-way analysis of variance by ranks). For all statistical tests the Type I error was set at 0.05.
Results

Tree mortality factors
Four known and one previously unreported red pine mortality factors were investigated (Table 2) . Armillaria ostoyae (Romagn.) Herink was identified as the principal mortality factor at four sites and was also causing mortality at the black pineleaf scale site and at one of two Annosus root rot sites. It was also observed on roots of trees at the three healthy sites, but was not causing observable disease symptoms. Although expanding mortality centres were the usual expression of disease, on the Baxter 249b site scattered windthrow of living trees was also observed. On these trees A. ostoyae had decayed the larger sinker roots, compromising the tree's stability (Fig. 3) .
Water deficit (possibly combined with bark beetle attack) was determined as the cause of death at the northernmost site (Gurd Pr18, Parry Sound District). A thick layer of coarse gravel underlying the dead trees provided further evidence to support this diagnosis. Root disease pathogens were not found at this site.
The 38-year-old Grey-Sauble plantation 89/11 in Bruce County exhibited symptoms typical of iron deficiencychlorosis and crown dieback. Although chlorosis of the current year's foliage was evident throughout the plantation, a large spreading mortality centre and small clusters of dead trees were observed in one part. At this site the water table was approximately 1.5 m deep and unlike other sites, the soil reaction was alkaline in all horizons.
At the Brookdale 8a site in the Durham Region, mortality was observed in an area lacking signs or symptoms of root disease although Armillaria root disease was evident in other parts of the site. Trees heavily infested with black pineleaf scale (Nuculaspis californica [Coleman] ) were dying in a large and rapidly expanding centre. Scale density on some needles was as high as 10 per cm. This pest had been reported previ-ously only once in Ontario (in 2003) at a location approximately 25 km east of the study site where it was observed causing minimal damage to red pine (K. Nystrom, Natural Resources Canada, personal communication, 2005) .
Tree growth on mortality sites
Tree growth in asymptomatic and mortality plots was compared among sites. On sites with Armillaria root disease mortality, trees in the mortality plots were significantly larger in both height (22.1 m) and DBH (30.7 cm) than trees in the asymptomatic plots (20.8 m and 29.0 cm). On sites with mortality caused by other factors mean tree height was greater in the asymptomatic plots, but DBH either did not differ or was greater in the asymptomatic plot (Table 3) . Within mortality plots significant differences in diameter were not detected between live and recently dead trees, except for the Armillaria 104 j an Vier /f éVr ier 2011, Vol . 87, n o 1 -Th e f or esTr y Ch r on iCl e sites where live trees were larger in DBH (31.1 cm versus 28.6 cm; Table 4 ). Analysis of BAI revealed that on the Armillaria root disease sites trees that died were the larger, more vigorously growing trees during the first eight to 14 years on the Ganaraska Forest 7b, Randwick 1, and Phelpston 165b sites, and for the first 35 years on the Baxter 249b site, after which their growth rate fell below that of the healthy trees. The trees that died then exhibited a four-to eight-year growth surge following a thinning entry in the early 1990s, before their rapid decline and death over a two-to five-year period (Fig. 4) . Results at the other sites varied. At the annosus root rot site, York Region North 30b, and the black pineleaf scale site, Brookdale 8a, the growth rates of trees in mortality plots that eventually died were significantly less than those of healthy trees, while the opposite trend was observed at the sites deemed nutrient-deficient (Grey-Sauble 89/11) and waterdeficient (Gurd 7b) (Fig. 5) . heights in plots with asymptomatic (A-plot) vs. those with dead trees (M-plot) , by biotic and abiotic caused red pine mortality.
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Belowground attributes
Soil horizon depth
The combined depth of the A and B soil horizons did not differ between healthy sites (117 cm, n = 3) and disease sites (110 cm, n = 9), nor did it differ between asymptomatic and mortality plots on disease sites. When the data were partitioned by mortality factor, however, the combined A and B horizons on the nutrient-deficient, Armillaria, and water-deficit sites were significantly deeper in the asymptomatic plots than in the mortality plots (Table 5) .
Rooting depth
The mean rooting depth on healthy sites (where epiphytic growth of Armillaria ostoyae was observed but disease symptoms not evident) was 195 cm, significantly deeper than the 143 cm (p < 0.0001) observed on all diseased sites (Fig. 6) , and the 164-cm mean rooting depth on the Armillaria mortality sites. On diseased sites rooting depth did not differ between asymptomatic (145 cm) and mortality plots (142 cm), nor between asymptomatic and mortality plots when the data were partitioned by mortality factor. The rooting depth of living trees (144 cm) was not greater than that of trees that died (140 cm). When the data were partitioned by mortality factor, living trees in the Armillaria mortality plots were found to be more deeply rooted (169 cm) than those that later died (154 cm). On the black pineleaf scale site, the trees that died were actually more deeply rooted than the live trees in the mortality plot (Table 6 ). On sites with an alkaline C soil horizon, most of the rooting was limited to the A and B horizons (Fig. 2) . Root tips at the acidic-alkaline horizon interface were frequently thickened and encrusted with calcium carbonate (CaCO 3 ) deposits (Fig. 7) .
Soil texture, pH, and bulk density
Soil texture on all sites was sandy, typical of sites chosen for red pine plantations, and although some heavier-textured soil was encountered as small pockets or lenses, the soil texture was mostly sand to sandy loam. On the Ganaraska 7b site, a thick gravel layer was present under much of the mortality plot, in some places comprising the entire layer between the A and sandy-to-sandy loam C horizon. The gravel layer was also found under the asymptomatic plot but at a greater depth, with a deeper combined A and B horizon than under the mortality plot. This condition was also observed in the mortality plot on the Gurd Pr18 site. The soil bulk density (g ml -1 ) of the main rooting zone, the A and B horizons, was significantly higher on diseased sites (1.29) than on healthy sites (1.22) (p = 0.0017) but was not high enough to suggest soil compaction. The bulk density of the C horizon on healthy (1.41) and diseased sites (1.46) did not differ significantly.
Soil texture, pH and bulk density did not differ between the asymptomatic plots and mortality plots within most of the sites. The most notable difference between healthy and diseased sites was the pH of the C horizon. On sites with mortality, the C horizon was slightly to strongly alkaline while on sites without disease it was slightly acidic or neutral (Fig. 8) .
Soil nutrient analysis
On most sites, rooting was most abundant in, and sometimes restricted to, the A and B horizons. Although variants within major soil horizons (e.g., B1, B2) were sometimes detected these were treated as samples of the principal horizon. The most notable differences between the healthy and diseased sites were in the levels of P, Mg, and Ca in the C horizon. Much more P was extracted from the soil C horizon on the healthy sites than on diseased sites (16.5 vs. 0.91 mg kg -1 ).
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Conversely, the C horizon of the diseased sites had significantly more Mg (68.5 vs. 4.7 mg kg -1 ) and Ca (5475 vs 53 mg kg -1 ) than the healthy sites.
Mycorrhizal colonization
On red pine roots, non-mycorrhizal root tips and three main types of ectomycorrhizae were observed. One type of ectomycorrhizal root tip had a thin, whitish mantle and appeared brown under the microscope; another exhibited a thick, black, hairy mantle and appeared black under the microscope; the third was very white with obvious white hairs projecting from the structures. Mycorrhizal development (i.e., mycorrhizal tips per cm of fine root) on healthy sites (1.64 cm -1 ) was no greater than that on diseased sites (1.66 cm -1 ). However, on disease sites, trees in asymptomatic plots averaged significantly more mycorrhizal development (1.81 cm -1 ) than trees in mortality plots (1.50 cm -1 ). The greatest between-plot difference occurred on the Brookdale 8a black pineleaf scale site (Table 7) , where many of the trees in the mortality plot exhibiting distinct symptoms of decline had 0.32 mycorrhizal tips per cm compared to 1.54 cm -1 for asymptomatic plots.
Foliar nutrient levels
Published literature was surveyed for threshold foliar nutrient levels considered critical for healthy red pine growth. Four of seven sites sampled, including the three healthy sites, had foliar Fe levels at or very close to the critical level while one A and B soil horizons by mortality factor in red pine research plots, compared between asymptomatic  (A-plot) and mortality (M-plot) site, Grey-Sauble 89/11, which exhibited chlorosis and dieback, had Fe levels below the putative critical level in both the asymptomatic and mortality plots (Table 8) .
Discussion
Armillaria root disease
The predominance of Armillaria ostoyae as a mortality factor in the red pine plantations is not surprising. Earlier studies (Whitney 1988; McLaughlin 2001a, b) reported its association with red pine mortality. Since most of the red pine plantations were established on former agricultural land the origin of inoculum at the various sites is of interest. With removal of forest cover and stumps in the late 1800s and a period of pasture or cultivation for agricultural crops before red pine plantings throughout the early to mid 1900s, it is often assumed that the plantations were established on sites cleansed of Armillaria inoculum. A recent Armillaria population study (McLaughlin 2008) showed, however, that the inoculum may be carried through the agricultural period on residual root material from the original forest cover since the size of the genets was greater than the postulated rhizomorph expansion rate during the post-deforestation era. The longevity of inoculum on residual roots and stumps has been demonstrated by Rishbeth (1972) , who found that Armillaria mellea sensu lato could still produce rhizomorphs from oak stumps 40 years after felling.
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Deeper rooting was a consistent indicator of a healthier plantation at the site level. On sites with Armillaria root disease, however, the rooting depth of the individual tree relative to that of its immediate neighbours was more closely related to tree health than was mean rooting depth at the plot level. Healthy trees had roots on average 15 cm deeper than diseased trees. What effect this relatively small difference in rooting depth would have on tree health is difficult to determine, but drought is known to force trees to extract ground water from deeper soil horizons (Dawson 1996, Weltzin and McPherson 1997) , and this 15-cm difference may have become the critical difference between survival and mortality.
On Armillaria sites BAI better explained the differences between healthy trees and trees that died than did simple DBH and height measurements. The data show that the trees that died were the larger, more vigorously growing trees during the earliest years of the plantations and that before rapidly succumbing to Armillaria root disease they had experienced a surge in growth exceeding that of trees that survived. Mallet and Volney (1999) made similar observations that lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) infected with Armillaria root disease initially grew better than non-infected trees outside disease centres. In a study in Oregon, USA, Armillaria root disease killed the largest, fastestgrowing Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco var. menziesii) trees as well as less vigorous trees (Rosso and Hansen 1998) . In another Douglas-fir study, Entry et al. (1991) had greater success in inoculating larger, more vigorously growing, nitrogen-fertilized trees. They hypothesized that higher leaf area and stem growth in more vigorous trees increased the ratio of sugars to phenolics in the roots, a condition which favours the pathogen (Wargo 1980; Kirk 1981 , cited in Entry et al. 1991 Entry and Cromack 1988) . Inverse correlations between increased growth resulting from N fertilization and the concentration of phenolic compounds in plant tissue have also been previously reported (Palo et al. 1985 , Bryant et al. 1987 . In our study, the foliar N level of trees in the mortality plots was higher than that of trees in the asymptomatic plots (Table 8) .
Annosus root rot
Annosus root rot was first reported in Ontario in 1956 (Jorgensen 1956 . It has been subsequently detected almost exclu-sively in native species conifer plantations in south-central and eastern Ontario (Czerwinski et al. 1998) but its range and effect on natural forests in the region have yet to be determined. Only the P group has so far been found in Ontario (Raffle and Hsiang 1995) . In our study the growth rate of the trees that later died averaged slightly less than that of living trees from 1944 to 1965 but from 1965 until they died in 2003, the BAI of these trees diverged from that of healthy trees at an increasing rate (Fig. 5a ). Similar observations of long-term growth reduction associated with Heterobasidion annosum infection were made in the United States by Froelich et al. (1977) for slash pine (Pinus elliottii var. elliottii Engelm.) and, by Bendz-Hellgren and Stenlid (1997) for Norway spruce (Picea abies [L.] Karst.) in Sweden. The growth rate data from the annosus root rot sites in the current study show a typical post-infection trajectory for this disease but do not provide strong evidence that the trees that died from annosus root rot were particularly disadvantaged at the time of infection. These trees did, however, have growth rates inferior to the healthy trees over much of their life.
Moisture deficiency
At the moisture deficient site, Gurd Pr18, the main difference between the asymptomatic and mortality plots was the greater combined depth of the A and B soil horizons in the asymptomatic plot. The deeper A and B horizons and underlying compacted finer-textured soil horizons of the asymptomatic plot provided a larger volume of soil with better moisture retention than was available to the trees in the mortality plot, thus increasing the drought tolerance of trees in the asymptomatic plot and reducing the risk of bark beetle attack (Richards et al. 1962) . These soil conditions may also help to explain the greater DBH, height, and BAI growth in the asymptomatic plot. Radial growth and shoot extension of red pine are influenced by the availability of water (Dils and Day 1952, Fayle and Pierpoint 1975) .
The data do not explain the growth surge of the trees in the mortality plot that died during the 15 years prior to sampling (Fig. 5d) , but perhaps the greater growth rate was accompanied by a greater demand for soil moisture, and this demand for either upper soil water or ground water could not be met on the microsites occupied by these trees during periods of drought.
Nutrient deficiency
Dieback and mortality of 30-to 35-year-old red pine in southern Ontario due to Fe and/or Mn deficiency has been reported by Ellis and Whitney (1975) in plantations established on calcareous tills of dolomite origin, similar to the Grey-Sauble 89/11 site investigated in our study. From Ellis and Whitney's report, as well as an unpublished study by 112 j an Vier /f éVr ier 2011, Vol . 87, n o 1 -Th e f or esTr y Ch r on iCl e Gillespie (1977) , it appears that such sites are scattered over much of southern Ontario and can be identified by soil testing prior to plantation establishment. The Grey-Sauble 89/11 nutrient deficiency site was the most divergent of the study sites, with its soil derived from dolomitic-limestone till (Gillespie and Richards 1954) , and was low in P and high in Mn compared to the other sites. Although the soil P level was significantly lower than at any of the other sites, the foliar P content of 0.12% indicates that phosphate fixation by CaCO 3 , if occurring, was insufficient to cause P deficiency symptoms (Hilal et al. 1973) . Although the soil Fe levels in both plots compared favourably with levels found on other sites, the below-critical foliar Fe levels in both plots indicate low uptake.
Black pineleaf scale
Forest health monitoring records for Ontario contain only one previous report of black pineleaf scale; minor damage in 2003 to a red pine plantation located approximately 20 km to 25 km east of the study site (K. Nystrom, Natural Resources Canada, personal communication, 2005) . At the black pineleaf scale site, Brookdale 8a, no major differences were found between soil factors of asymptomatic and mortality plots. However, sand content was greater and mycorrhizal colonization was very low in mortality plots. Mortality from black pineleaf scale has been reported in Oregon (ODF 2008) , where infestations of natural pine forests and Christmas tree plantations have been associated with drought as well as road dust and insecticide drift that negatively affected the scale's natural enemies (e.g., parasitic wasps; Ferrel 1986). Sustained scale attack often leads to bark beetle attack and subsequent tree death. At the Brookdale 8a site, red turpentine beetles (Dendroctonus valens LeConte) were observed on recently killed trees and trees near death but these beetles were not numerous.
The significantly lower level of mycorrhizal colonization on trees under insect attack has been reported by others. Gehring and Whitham (1991) demonstrated that feeding by the larvae of the pine tip moth (Dioryctria albovitella [Hulst] ) reduced ectomycorrhizal colonization of infested pinyon pine (Pinus edulis Engelm.) an average of 33% relative to resistant trees. Gehring et al. (1997) showed that the pinyon pine needle scale (Matsucoccus acalyptus [Herbert] ) had a similar effect on pinyon pine. Gehring and Whitham (1991) , Mopper et al. (1991), and Gehring et al. (1997) also described significant variation in the effect of insect herbivory on mycorrhizal colonization of pinyon pine related to genetic variation in susceptibility of individual trees to insect attack. Trees that were resistant to insect attack had significantly higher levels of mycorrhizal colonization than adjacent susceptible trees.
Soil factors
The most prominent observation in the study was the alkaline reaction of the C horizon on sites with disease and the acidic reaction on sites without disease. On some sites (e.g., Norfolk County, North 30b, Brookdale 8a), rooting in the unweathered, undisturbed C horizon was limited or non-existent. Earlier studies have attributed rooting restriction largely to soil bulk density. In one study (Armson and Williams 1960) , root elongation of seedlings grown in glass tubes was significantly reduced in compacted neutral non-calcareous and alkaline calcareous sandy soils (bulk density 1.45) versus loose soil (bulk density 1.02). Fayle (1975) and Fayle and Pierpoint (1975) studied red pine rooting in southern Ontario plantations and concluded that a soil bulk density greater than 1.40 hindered root penetration. Faulkner and Malcolm (1972) reported that Scots pine (Pinus sylvestris L.) root extension ceased in British upland heath soils of calcareous origin where bulk density was between 1.40 and 1.67.
In this study, bulk densities exceeding 1.40 g ml -1 were encountered in the C horizon on all but one site (i.e., Randwick 1 disease site), including the healthy sites where rooting was deepest. Therefore, limited rooting depth on the disease sites may have been due to nutrient availability, rather than soil density. Root proliferation generally occurs where nutrients are plentiful and is avoided where nutrients are limited (Drew 1975; Robinson 1994 Robinson , 1996 . At all disease sites (except Gurd Pr18), where rooting occurred almost exclusively in the A and B horizons, CaCO 3 levels were high and extractable P levels very low in the C horizon, whereas greater P availability in the C horizon on the healthy sites may have encouraged continued root extension. Armson (1968) associated cessation of root extension at the interface between soil regions with and without free CaCO 3 , but did not relate it to any particular nutrient. Rather, he referred to the upper limit of free CaCO 3 as defining the limit of "rootable soil".
Recommendations
Several factors should be considered when establishing a red pine plantation, including site selection, planting stock choice, and the timing and method of planting. Red pine grows best in dry areas on sandy, coarse, well-drained loam soil (OMNR 1999) . Results of this study indicate that soil alkalinity may be an essential factor to consider, as it affects rotation age, product size, succession, and longevity of the plantation. For example, trees on a site with alkaline A, B, and C soil horizons may grow fairly well for 30 to 40 years but then decline and die from nutrient deficiency. Such a site may be suitable for growing a pulp crop or smaller-dimension logs that can be used for the manufacture of posts or landscape timbers. If this site information is obtained prior to plantation establishment, however, the manager may choose to plant another species that is more tolerant of alkaline soil conditions.
Our observations suggest that healthy red pine growth may be sustained longer and may yield larger sawlogs and/or smaller utility pole stock on sites with acidic A and B horizons, especially if these horizons are relatively deep. If the goal is to grow large sawlogs and utility pole stock, a site with acidic A, B, and C soil horizons is best. Therefore, although a pre-establishment soil pH assessment is optimum, assessment of already established plantations can help resource managers to formulate realistic expectations for plantation development and timber product yields.
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